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PARTON INTRINSIC MOTION: UNPOLARIZED CROSS
SECTIONS AND THE SIVERS EFFECT IN INCLUSIVE
PARTICLE PRODUCTION
∗
U. D’ALESIO AND F. MURGIA
Dipartimento di Fisica, Universita` di Cagliari and
INFN, Sezione di Cagliari, C.P. 170, 09042 Monserrato (CA), Italy
We present a detailed study, performed in the framework of LO perturbative QCD
with the inclusion of spin and k⊥ effects, of unpolarized cross sections for the
Drell-Yan process and for inclusive pi and γ production in hadronic collisions, in
different kinematical situations. We find a satisfactory agreement between theo-
retical predictions and experimental data. This supports the study of spin effects
and transverse single spin asymmetries (SSA) within the same scheme. We then
present results for SSA, generated by the so-called Sivers effect, in inclusive pion
production in proton-proton collisions.
It is known that collinear pQCD, even at NLO, often underestimates
experimental results for inclusive pion and photon production in hadronic
collisions in the central rapidity region and at moderately large pT . It
has also been shown that intrinsic parton momentum (k⊥) effects recon-
cile in most cases theoretical calculations with experimental results. The
role of k⊥ effects has been also studied in the context of polarized high-
energy inclusive particle production at moderately large pT , in particular
at medium-large xF . Two noticeable examples are the SSA observed in
p↑p → piX processes, and the transverse Λ polarization measured in un-
polarized hadronic collisions. It was originally suggested by Sivers1 and
Collins2 that pQCD with proper inclusion of spin and k⊥ effects in parton
distribution/fragmentation functions (PDF/FF) and in elementary dynam-
ics could be able to explain experimental results on AN (pi). This suggestion
has been further extended in a number of subsequent papers.3 Recently,
however, Bourrely and Soffer4 have claimed that most of the experimental
data on SSA cannot be explained within pQCD, on the basis that collinear
pQCD fails to reproduce the corresponding unpolarized cross sections by
1-2 orders of magnitude. As a matter of fact, in early pQCD-based ap-
proaches to SSA a careful analysis of unpolarized cross sections was not
addressed. Therefore, it was timely to perform a detailed and comprehen-
sive study of unpolarized cross sections and SSA within the same pQCD
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2approach and at the same level of accuracy. In this contribution we sum-
marize the main results of this program. A detailed presentation and a
complete list of references can be found in Ref. 5.
In order to study the inclusive production of moderately large pT parti-
cles in high-energy hadron collisions, the process AB → C X , we generalize,
by including spin and k⊥ effects, the well-known collinear pQCD factorized
expression for the corresponding differential cross section:
EC dσ
AB→C X
d3pC
=
∑
a,b,c,d
∫
dxa dxb dz
∏
i
d2k⊥i fˆa/A(xa,k⊥a) fˆb/B(xb,k⊥b)
× sˆ
xaxbs
dσˆab→cd
dtˆ
(xa, xb, sˆ, tˆ, uˆ)
sˆ
pi
δ(sˆ+ tˆ+ uˆ)
1
z2
J(z, |k⊥C |) DˆC/c(z,k⊥C) .
The factors sˆ/(xaxbs) and J(z, |k⊥C |) are due to k⊥ effects on the
kinematics and become unity in collinear pQCD with massless partons.
The rest of the notation should be obvious.5 Additional contributions to
the unpolarized cross section are in principle possible; however, it can be
shown that they are negligible.5,6 When considering SSA and Sivers effect
only, to get the numerator of the asymmetry (the denominator being twice
the unpolarized cross section) one simply substitutes in this master for-
mula the unpolarized PDF with the corresponding Sivers function for the
parton inside the initial polarized hadron. Notice that a formal proof of
factorization with the inclusion of k⊥ effects is still missing for AB → C X
processes. Moreover, a complete formal definition of spin and k⊥ dependent
PDF/FF, including their evolution and universality properties is also miss-
ing; we also lack a consistent higher-twist treatment including additional,
unknown (higher-twist) PDF/FF and possible quark-gluon correlations. In
fact, only “enhanced” higher-twist effects due to k⊥’s are included in our
approach: i) the change of the xa,b, z regions contributing mostly to the
integrals in our master formula can have a substantial effect, particularly
at large x/z values, where PDF/FF vary rapidly; ii) the partonic scattering
angle in the AB c.m. frame might become much smaller than the hadronic
production angle, thus enhancing the moderately large pT production of
particles.
Let us now summarize some basic details of numerical calcula-
tions: a ) We use a factorized, Gaussian-like and flavour-independent be-
haviour for the k⊥-dependent part of PDF/FF, e.g. fˆa/A(xa,k⊥a) =
fa/A(xa) (β
2/pi) exp[−β2 k 2⊥a] (where 1/β = 〈 k2⊥a 〉1/2); b ) We calcu-
late partonic cross sections at LO in αs, with k⊥-modified partonic in-
variants sˆ, tˆ, uˆ, introducing a regulator mass, µ = 0.8 GeV, so that
3tˆ→ tˆ−µ2, uˆ→ uˆ−µ2, sˆ→ sˆ+2µ2; c ) We use a unique scale for renormal-
ization and factorization, Q = pˆ∗T /2, pˆ
∗
T being the transverse momentum of
the fragmenting parton in the partonic c.m frame; d ) We properly take into
account NLO corrections (K-factors); our LO numerical results are always
rescaled in the plots by a fixed (for a given curve) K-factor, estimated by
using the numerical code INCNLL.7 e ) We adopt MRST01 PDF, and Kret-
zer/KKP pion FF; f ) No complete best-fit procedure has been attempted
at this stage; therefore, in principle our results may be further improved.
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Figure 1. Cross section for pp → piX process, with (thick lines) and without (thin
lines) k⊥ effects, compared to FNAL
8 (left) and STAR9 (right) data.
The following processes and kinematical configurations have been con-
sidered: 1) pp → µ+µ−X , in the region 20 ≤ √s ≤ 60 GeV, 5 ≤ M ≤ 10
GeV, qT < 3 GeV/c [used also to estimate 1/β = 〈 k2⊥a,b 〉1/2 = 0.8 GeV/c
for PDF]; 2) pp → γ X , p¯p → γ X , in the region 20 ≤ √s ≤ 60 GeV,
1.5 ≤ pT ≤ 10 GeV/c, |xF | < 0.4, and
√
s ≃ 600 GeV, 10 ≤ pT ≤ 80
GeV/c; 3) pp → piX in the region 20 ≤ √s ≤ 200 GeV, 1.5 ≤ pT ≤ 14
GeV/c, |x
F
| < 0.8 [used to estimate 1/β′ = 〈 k2⊥pi 〉1/2, see Ref. 5]. We
can only present few representative results here: in Fig. 1 we show the
differential unpolarized cross section for pp→ piX in the kinematical con-
figurations of Ref. 8 (left) and of the STAR experiment at RHIC (right);
this gives a comparison between a calculation similar to that of Ref. 4 (thin
lines) and our results including k⊥ effects (thick lines). In Fig. 2, we show
AN (p
↑p → piX) in the kinematical configurations of the E704 experiment
at FNAL (left) [used to fix the Sivers function] and of the STAR experiment
at BNL (right).
In conclusion, our LO approach (complemented with proper NLO K-
factors) is in reasonable agreement with a large set of experimental data for
unpolarized cross sections. This gives support to the validity of the same
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Figure 2. AN (p
↑p→ piX) compared to E70410 (left) and STAR9 (right) data.
approach in the study of SSA. A detailed treatment of k⊥ effects confirms
all main results and conclusions of our former studies on Sivers effect per-
formed keeping only leading contributions (in k⊥) and using a simplified
partonic configuration (see the first of Ref. 3). Let us finally notice that
our approach is in principle able to reproduce most of the features of the ex-
perimental data available for PΛT (pp→ Λ↑X). A combined analysis of PΛT
and unpolarized cross sections, like that performed here for the Drell-Yan
process and SSA in inclusive pi and γ production, is under way.
We acknowledge partial support from “Cofinanziamento MIUR-
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